Large numbers of magnetotactic bacteria were discovered in mud and water samples collected from a number of highly alkaline aquatic environments with pH values of -9.5. These bacteria were helical in morphology and biomineralized chains of bullet-shaped crystals of magnetite and were present in all the highly alkaline sites sampled. Three strains from different sites were isolated and cultured and grew optimally at pH 9.0-9.5 but not at 8.0 and below, demonstrating that these organisms truly require highly alkaline conditions and are not simply surviving/growing in neutral pH micro-niches in their natural habitats. All strains grew anaerobically through the reduction of sulfate as a terminal electron acceptor and phylogenetic analysis, based on 16S rRNA gene sequences, as well as some physiological features, showed that they could represent strains of Desulfonatronum thiodismutans, a known alkaliphilic bacterium that does not biomineralize magnetosomes. Our results show that some magnetotactic bacteria can be considered extremophilic and greatly extend the known ecology of magnetotactic bacteria and the conditions under which they can biomineralize magnetite. Moreover, our results show that this type of magnetotactic bacterium is common in highly alkaline environments. Our findings also greatly influence the interpretation of the presence of nanometer-sized magnetite crystals, so-called mag netofossils, in highly alkaline environments.
Introduction
Magnetotactic bacteria (MTB) are a heterogeneous group of motile, mostly aquatic prokaryotes that display magnetotaxis, a phenomenon in which the microorganism's direction of motility is influenced by the Earth's geomagnetic and applied local magnetic fields (Blakemore, 1975) . This is due to the ability of MTB to biomineralize magnetosomes that are intracellular, membrane-bounded magnetic crystals of the minerals magnetite (Fe3O4) and/or greigite (Fe3S4) (Bazylinski and Frankel, 2004) . Known cultured and uncultured MTB are phylogenetically associated with the Alpha, Gamma and Deltaproteobacteria classes of the Proteobacteria and the Nitrospirae phyla (Bazylinski and Frankel, 2004; Amann etal., 2006 ; C.T. Lefèvre, N. Viloria, M. Pósfai, R.B. Frankel and D.A. Bazylinski, submitted) . MTB are generally thought to be ubiquitous in aquatic environments (Bazylinski and Frankel, 2004) as they are cosmopolitan in distribution and have been found in every continent (Bazylinski and Schübbe, 2007) . However, they have never been viewed as 'extremophiles'; that is, they have never been reported from habitats considered extreme with regard to pH and temperature, although a moderately thermophilic species from hot springs was recently described (Lefèvre et al., 2010) .
Naturally occurring alkaline environments are relatively uncommon on Earth. Soda lakes represent the most stable high-pH environments on this planet and they are known to be present on six continents (Jones et al., 1998) . Despite their apparently hostile conditions, these lakes are among the most productive aquatic environments in the world (Jones et al., 1994; . The main geochemical conditions of their formation include leaching of rock material, usually rich in Na + but low in Ca 2+ and Mg
2+
, by CO2-saturated waters, generally in areas with a dry and warm climate where evaporative concentration of the brines in natural depressions is easily facilitated (Jones et al., 1977 (Krulwich, 2006) . The ancient nature, geochemistry and microbiology of soda lakes have been studied to provide insight into the origin of life on Earth and to demonstrate the potential for life on other planets, such as Mars (Kempe and Degens, 1985; Kempe and Kazmierczak, 1997; Bibring et al., 2006) .
Although various definitions of 'alkaliphilic' have been used in the literature, the only common standard is that the organism's optimal pH for growth must be at least two pH units above neutrality (Kroll, 1990) . Alkaliphilic bacteria are a very diverse group of prokaryotes that must cope with a number of problems associated with surviving and growing at high pH, most notably the problem of maintaining an intracellular pH that is close to neutral (Krulwich, 2006) . Among the numerous types of prokaryotes that thrive in highly alkaline environments, sulfate-reducing bacteria have been studied in detail (Zhilina et al., 1997) .
In this study, we examined a number of highly alkaline sites in California, USA for the presence of MTB. Here we report the first isolation and axenic culture of obligately alkaliphilic MTB and discuss their significance to microbiology and geology.
Results

MTB in highly alkaline environments
Mud and water samples collected from three highly alkaline sites with pH -9.5-9.8 including:
(i) the hypersaline (salinity 68-70 ppt) Mono Lake, California; (ii) a brackish (-3 ppt) spring and associated pool at Death Valley Junction (Armagosa) near the border of Nevada and California and (iii) the saline (-27 ppt) Soda Spring at the Desert Studies Center located on Zzyzx Road, California, contained a significant population (> 10 3 cells ml -1 ) of MTB of a single, morphological type. Cells were helical, possessed a single polar flagellum and contained one or two parallel chains of bullet-shaped magnetite-containing magnetosomes (Fig. 1 ).
[Insert Figure 1 ]
The 16S rRNA genes of magnetically enriched and purified, uncultured cells from Mono Lake and the brackish pool at Death Valley Junction were amplified with PCR using Bacteria-and (Pikuta et al., 2003) .
[Insert Figure 2 ]
Isolation, phylogeny and growth of alkaliphilic MTB
Magnetically purified cells from all three sites were used as inocula in a growth medium modified from Pikuta and colleagues (2003) to reflect the salinities of the sampling sites, for the cultivation of anaerobic, alkaliphilic, sulfate-reducing bacteria. Cells with the same morphology as those found in the mud and water samples grew in this growth media but did not exhibit observable magneto-taxis using the hanging drop technique (Schüler, 2002) . Strains from the three sites were isolated by dilution to extinction and designated ML-1 (Mono Lake), ZZ-1 (Zzyzx Road) and AV-1 (Armagosa Valley). 16S rRNA gene sequences of the isolated strains were identical or very similar (>_ 98.6% sequence identity) to those of magnetically purified uncultured cells from the same environments confirming the authenticity of the uncultured cell sequences. All isolated strains were phylogenetically closely related to D. thiodismutans (16S rRNA gene sequence identity >_ 98.8%) and could be considered as new strains of this species (Fig. 2) depending on the minimal sequence identity used for the species taxon (Clarridge, 2004; Gevers et al., 2005; Doolittle and Papke, 2006) .
Cells in the axenic cultures did not initially display magnetotaxis. The reason for this was initially unclear but a good possibility was that cells were iron-limited with regard to magnetosome biomineralization resulting in weak or no magnetism, because iron in the growth medium quickly precipitated as black iron sulfides once cells started to reduce sulfate to sulfide.
Thus, to obtain a greater magnetotactic response, the iron concentration was increased from 20 to 200 µM and the headspace of the cultures purged every other day with oxygen-free argon gas to decrease the concentration of hydrogen sulfide in the cultures. When this was done, cells became magnetotactic and contained chains of and dispersed bullet-shaped, magnetite-containing magnetosomes ( Fig. 1B and C).
Like typical dissimilatory sulfate-reducing bacteria including D. thiodismutans, growth of strains ML-1, ZZ-1 and AV-1 was dependent on sulfate and cells produced sulfide from sulfate during growth ( Fig. 3 ). Additional proof of sulfate reduction included the presence of important genes for sulfate reduction including dissimilatory sulfite reductase (dsrAB) and adenosine-5′-phosphate reductase (aprA) in all three isolates. Other more specific growth characteristics were similar to D.
thiodismutans (Pikuta etal., 2003) . All strains used formate and hydrogen as electron donors and could grow autotrophically with hydrogen as the electron donor with bicarbonate as the sole carbon source. The addition of acetate or yeast extract stimulated growth with hydrogen or formate, but cells could not grow with these compounds in the absence of hydrogen and formate suggesting that the strains grow mixotrophically. Strains ML-1, ZZ-1 and AV-1 can be con sidered obligately alkaliphilic given that their optimal growth occurs at pH 9.0-9.5, and they did not grow at pH < 8.0. Growth was slow at pH values between 8.0 and 9.0.
[Insert Figure 3 ]
Neither magnetotaxis nor magnetite magnetosome synthesis has ever been described in Desulfonatronum species. The type strain of D. thiodismutans (ATCC strain No. BAA-395; DSMZ strain No. 14708), the closest phylogenetic relative to the three alkaliphilic strains of MTB, was grown on our modified growth medium in an effort to test whether cells could become magnetotactic. Cells grew well in the medium when the salinity was specifically adjusted for the strain, but never became magnetotactic nor did they biomineralize magnetosomes.
Discussion
Highly alkaline springs and ponds, relatively common in the Southwestern USA, appear to not have been thoroughly examined for the presence of MTB or for the presence of magnetosome magnetofossils and, despite the fact that MTB are considered ubiquitous in aquatic habitats and cosmopolitan in distribution, MTB have never been considered extremophilic with regard to temperature and pH. A moderately thermophilic, uncultured MTB was recently described but even this organism would not be considered hyperthermophilic or obligately thermophilic given the temperature range of the hot springs where it was found (32-62°C) (Lefèvre et al., 2010) . In this report, we describe the presence and isolation of obligately extremophilic, alkaliphilic MTB from highly alkaline environments. Three similar strains from different sites were isolated and cultured and grew optimally at pH 9.0-9.5 but not at 8.0 and below, demonstrating that these MTB truly require highly alkaline conditions and are not simply surviving/growing in neutral pH micro-niches in their natural habitats.
Alkaliphilic bacteria have a number of physiological problems to deal with living in such a harsh environment including keeping their intracellular pH around neutral in an extracellular pH of > 9.0 and they have developed interesting ways to overcome these problems (Krulwich, 2006) . In the case of alkaliphilic MTB, how these bacteria synthesize large numbers of magnetosomes in natural environments is particularly interesting in that at high alkaline pH, iron is extremely insoluble (Jimenez-Lopez etal., 2010) and thus MTB must possess highly efficient mechanisms of iron uptake under these conditions. The fact that these microorganisms exist in the reducing anoxic zone in these environments where iron is likely to be in the more soluble ferrous form, rather than the oxic zone of their habitat probably obviates part of this problem. Another related problem found to occur in culture that seems to inhibit magnetite magnetosome synthesis in the alkaliphilic MTB, is that sulfide produced from sulfate reduction reacts relatively quickly with iron in the growth medium resulting in the precipitation of iron sulfides. When the iron concentration in the growth medium was increased and hydrogen sulfide removed by sparging the cultures with O2-free argon gas, magnetite magnetosome biomineralization resumed. This does not seem to occur in natural environments as cells appear to produce a significantly greater number of magnetosomes per cell (data not shown). In natural environments, it is possible that sulfide diffuses away from cells, and never reaches the concentrations in cultures, resulting in a larger number of magnetosomes per cell.
It is also possible that cells might utilize an alternative to sulfate as terminal electron acceptor in natural environments where sulfide formation is not involved. For example, the magnetotactic Des ulfovibrio magneticus strain RS-1 (Sakaguchi et al., 1993) is able to grow with fumarate as an alternate electron acceptor to sulfate (Sakaguchi et al., 2002) . Because MTB accumulate large amounts of intracellular iron, up to 2.2% of their dry weight (Heyen and Schüler, 2003) , and because there are few studies on how bacteria growing at extreme alkaline pH acquire iron (McMillan et al., 2010) , it would be interesting to study the mechanisms of iron uptake in these new strains of obligately alkaliphilic MTB.
Based on the 16S rRNA gene sequences of the alkaliphilic MTB described here, all three isolates could be considered strains of D. thiodismutans (Pikuta etal., 2003) , depending on the percentage of sequence identity used to determine species (Clarridge, 2004; Gevers et al., 2005; Doolittle and Papke, 2006) . Also in support of this idea, the physiology of the new alkaliphilic strains of MTB was more similar to that of D. thiodismutans than to the related species Desulfonatronum lacustre, in that the strains grew anaerobically with sulfate as the terminal electron and autotrophically with hydrogen as the electron donor. D. lacustre is known to have a lithoheterotrophic type of metabolism (Pikuta et al., 1998) , whereas D. thiodismutans can grow lithoautotrophically using CO2 as the only carbon source (Pikuta et al., 2003) . A final, definitive determination of whether the new alkaliphilic strains of MTB represent new species or strains of existing species of Desulfonatronum will require additional testing such as DNA: DNA hybridization studies between the strains.
Neither magnetotaxis nor magnetite magnetosome synthesis has ever been described in the genus Desulfonatronum and attempts to get the type strain of D. thiodismutans to biomineralize magnetosomes by growing it in our modified medium were unsuccessful. An interesting question is whether the type strain of D. thiodismutans, isolated from Mono Lake where one of our MTB was found, was magnetotactic when originally isolated. This is possible as many cultivated MTB are known to lose this trait relatively easily in culture (Schübbe et al., 2003; Schüler, 2008) , from the loss of a magnetosome genomic island in which the genes for magnetite biomineralization are located (Schübbe et al., 2003; Schüler, 2008) . A larger, perhaps more interesting and important question is whether and how many magnetotactic prokaryotic organisms have been isolated and deposited in culture collections but have never been recognized as magnetotactic for various reasons. This may be most applicable to the sulfate-reducing bacteria, as another magnetotactic sulfate-reducing bacterium, D. magneticus strain RS-1, also appears to have difficulty in biomineralizing magnetite magnetosomes in culture and only displays a weak magnetotactic response (Pósfai et al., 2006) . Magnetite biomineralization in magnetotactic sulfate-reducing bacteria seems to require a higher concentration of iron than that normally used for other, nonsulfate-reducing, MTB (e.g. Magnetospirillum species) (~20 mM) (e.g. Blakemore et al., 1979) and a low sulfide concentration to prevent the scavenging iron from the growth medium. Thus, the systematic use of high concentrations of sulfide (e.g. 0.4 g l -1 Na2S•9H2O; e.g. Pikuta et al., 2003) , as the typical reducing agent in growth medium for sulfate-reducing bacteria (Postgate, 1963) , might preclude the formation of magnetite in magnetotactic sulfate reducers.
The discovery of MTB in highly alkaline environments clearly extends the ecological limits and perhaps the geographical distribution of the MTB and demonstrates that some MTB species can be considered extremophilic. In addition, our results suggest that sulfate-reducing MTB are common in highly alkaline environments. Because MTB have never been thought to inhabit extreme environments, highly alkaline habitats have apparently not been searched for magnetofossils, specific types of magnetite crystals representing putative remains of MTB in terrestrial and extraterrestrial materials (Jimenez-Lopez et al., 2010) . The discovery of significant carbonate deposits and smectite clays on the surface of Mars are thought to be indicative of a period of highly alkaline conditions on the planet in the past (Kempe and Degens, 1985) . Chemical analyses of soil samples of Mars performed by the 2007 Phoenix Mars Scout Lander showed that their pH was 7.7 ± 0.5 (Hecht et al., 2009; Kounaves et al., 2010) , although this does not exclude the possibility of highly alkaline soils in other, perhaps more confined areas, such as occur on Earth. Moreover, equilibrium modelling based on measured Ca 2+ and Mg 2+ concentrations were consistent with carbonate equilibrium for a saturated solution (Hecht et al., 2009; Kounaves et al., 2010) and thus carbonate buffering appears to be as significant in some Martian soils as it is in some of the alkaline habitats we studied (e.g. Mono Lake). Mono Lake has been used by researchers at a number of institutions, including the National Aeronautics and Space Administration (NASA), as a model for extreme environments that might be comparable with those on the planet Mars (Kempe and Kazmierczak, 1997) . It would be interesting to determine whether bullet-shaped magnetite crystals like those in strains ML-1, AV-1 and ZZ-1 are incorporated and preserved as magnetofossils in carbonate minerals, such as the unusual carbonate structures known as tufas in
Mono Lake, as they are in sedimentary carbonates in marine environments (McNeill et al., 1988; Sakai and Jige, 2007) and in carbonates in the Martian meteorite ALH84001 (Thomas-Keprta et al., 2002) .
Experimental procedures
Study sites and sample collection
Water and sediment samples were taken from three highly alkaline environments in California, USA. Mono Lake is a well-characterized lake located on the arid eastern side of the Sierra Nevada
Mountains in California. The waters of this endorheic, monomictic basin exhibit high alkalinity (pH 9.2 to 10) and salinity (75-90 g l -1
) (Oremland et al., 2000) . The high sodium and carbonate concentrations present at this site are derived from weathering of the surrounding volcanic rocks and hydrothermal inflow (Oremland et al., 2000; Kulp et al., 2007) . Sulfate reduction accounts for 41% of the mineralization of annual primary production in Mono Lake (Hoeft et al., 2004) . 
Light and electron microscopy
The presence and behaviour of microorganisms was observed using light microscopy with a Zeiss 
Growth conditions, medium composition and isolation of magnetotactic strains
Cells of MTB from samples were magnetically enriched by placing the south pole of a magnetic stirring bar next to the sample bottles about 1 cm above the sediment-water interface for approximately 30 min, where they would accumulate and could be removed easily with a Pasteur pipette. These MTB were then magnetically purified using the magnetic 'capillary racetrack'
technique (Wolfe et al., 1987) and used as inocula into a growth medium modified from Pikuta and colleagues (2003) . Modifications were that the basal medium contained (per litre): 5 ml modified Wolfe's mineral elixir (Wolin et al., 1963; Bazylinski et al., 2000) ; 0.2 ml 1% aqueous resazurin; 0.3 g NH4Cl; 0.1 g MgCl2•6H2O; 0.2 g KCl; 3.0 g Na2SO4; 0.2 g yeast extract; 4.0 g sodium formate; 30.0, 12.0 and 0 g NaCl for ML-1, ZZ-1 and AV-1, respectively, and 24.0, 9.6 and 1 g NaHCO3 for ML-1, ZZ-1 and AV-1 respectively. The medium was then bubbled with O2 free N2 for 25 min at approximately 100 ml min -1 and autoclaved. After autoclaving, 0.5 ml of an anaerobic stock solution of vitamins (Frankel et al., 1997) ; 20 ml of 10 mM FeSO4•7H2O (in 0.02 M HCl); 0.4 g of freshly made neutralized filtered sterilized cysteine•HCl and 3.5, 1.4 and 1 g of freshly made filtered sterilized Na2CO3 for strains ML-1, ZZ-1 and AV-1, respectively, were added to the media. The final pH was ~9.5. Cultures were incubated at 25°C. Axenic cultures of strains ML-1, ZZ-1 and AV-1 were obtained by dilution to extinction, a process that was repeated three times in succession.
Determination of gene sequences and phylogenetic analysis
16S rRNA genes of magnetically enriched, magnetically purified MTB from environmental samples and axenic cultures of MTB were amplified using Bacteria-specific primers 27F 5′ AGAGTTTGATCMTGGCTCAG-3′ and 1492R 5′-TAC GGHTACCTTGTTACGACTT-3′ (Lane, 1991) or Archaeaspecific primers 8aF 5′-TCYGGTTGATCCTGCC-3′ (Burggraf etal., 1991) and 1512uR 5′-ACGGHTACCTTGTTACGA CTT-3′ (Lane, 1991) and whole cell polymerase chain reaction (PCR). PCR products were cloned into pGEM-T Easy Vector (Promega Corporation, Madison, WI, USA) and sequenced (Functional Biosciences, Madison, WI, USA). The genes for sulfate reduction including dissimilatory sulfite reductase (dsrAB) and adenosine-5′-phosphate reductase (aprA) were also amplified with PCR using primers specific for these genes (Wagner et al., 1998; Meyer and Kuever, 2007) .
Alignment of 16S rRNA genes was performed using CLUSTAL W multiple alignment accessory application in the BioEdit sequence alignment editor (Hall, 1999) . Phylogenetic trees were constructed using MEGA version 4.1 (Tamura et al., 2007) applying the neighbour-joining method (Saitou and Nei, 1987) . Bootstrap values were calculated with 1000 replicates.
Cell growth and sulfate reduction
Bacterial growth was measured by direct cell count under a phase-contrast light microscopy with a Petroff-Hausser bacterial counting chamber. Sulfide concentrations in growth medium were determined using the technique of CordRuwisch (1985) . Growth curves were constructed using triplicate cultures of each strain.
Nucleotide sequence accession numbers
16S rRNA gene sequences of the strains ML-1, ZZ-1 and AV-1 carry the following GenBank accession numbers: HQ595725, HQ595726 and HQ595727 respectively. Sequences for the dissimilatory sulfite reductase (dsrAB) and dissimilatory adenosine-5′-phosphate reductase (aprA) genes for the axenic cultures carry the following GenBank accession numbers. dsrAB: ML-1, HQ659545; ZZ-1, HQ659546, and AV-1, HQ659547. aprA: ML-1, HQ659548; ZZ-1, HQ659549; and AV-1, HQ659550. Desulfonahr>numlacustre (AF41817 1) ...._ _ _ Desulfonatronum cooperativum (AY72S424) . -------Desu/focwvus vexinensis (DQ841177) Desulfovibrio marrakechensis (AM947130) Desu/fovibrio magnelicus (043944) L --------Desulfomicrobium baculatum (AJ277894) .
------Desulfonaironospira dismutants (EU296537) L ---------Desulfohalobiumretbaense (U48244)
. 
----------
